A common and straightforward method for the standardisation in electron-probe microanalysis (EPMA) is the use of homogeneous reference materials prepared by various techniques such as by melting, sintering, high-temperature annealing and hot-pressing. The reference materials have to be analysed by independent methods accurately in order to define their "true" composition. For some compounds the preparation techniques are difficult because of their specific thermo-chemical properties (e.g. low diffusivities, high equilibrium nitrogen pressure, incongruent melting). In addition, many compounds show large homogeneity ranges with an a priori existing uncertainty in composition, contrary to what is generally preferred: to use compounds with a narrow homogeneity range ("line compounds"). For the latter, diffusional preparation techniques can be applied to yield diffusion layers instead of massive samples for standardisation. However, also single-phase samples with narrow homogeneity ranges can be prepared by diffusion, depending on the phase equilibria in the corresponding system. The presentation summarises efforts that have been made in order to prepare various reference materials for carbon and nitrogen standardisation of EPMA by various techniques. The boundary conditions such as phase stabilities, phase compositions and diffusion kinetics, which are important for their preparation to obtain well-defined reference samples are discussed. These samples were applied to various WDS/EPMA-based studies of phase diagrams and diffusion kinetics by means of Cameca SX 50 and SX 100 microprobes.
Introduction
Accurate microanalysis is a very important precondition in the research and design of hard materials to which carbides, nitrides and carbonitrides belong. These compounds are used in a variety of high-tech applications such as tools for cutting, mining and abrasion, refractory interlayers in electronic devices and corrosive applications as well as for structural parts for thermally and mechanically highly-loaded materials. Fig.1 gives an impression of the diversity of geometry and fields of use of such parts.
Examples of Binary Phase Diagrams with Special Features
In the following compilation carbides, nitrides and carbonitrides of transition metals of groups 4 -6 are considered, the other transition metal groups are of minor or no importance with respect to the application of carbides and nitrides, with the exemption of iron compounds which are very important for case-hardened parts.
Transition metal -carbon systems
In Fig.2 transition metal -carbon systems of group 5 and of Cr-C are shown, for other important systems such as Ti-C and W-C, the reader is referred to compilations on phase diagrams [1] . For the group 5 carbides so-called line compounds or at least compounds with a very narrow homogeneity range can be identified: the so-called ζ-phases. Hence, if such a phase is present in a sample, it can be used as a standard because of its fixed composition, which is furthermore temperatureindependent, i.e. the temperature of preparation does not influence the composition. For the Cr-C system this is true for all phases at temperatures lower than about 1500°C. It can also be identified that most of the compounds decompose peritectically, so they cannot be prepared by melting. Cr 7 C 3 is an exemption but is shows a broader homogeneity range at high temperatures. Hence, melting is not appropriate for the preparation of these reference materials. If phases with a broad homogeneity range should be used as a reference material (like the group 4 and 5 fcc carbides), the samples have to be single phased and homogeneous which is a difficult task upon preparation of such refractory compounds and needs high annealing temperatures due to low metal and carbon diffusivities.
Transition metal -nitride systems
As nitrogen is a gas, the nitrogen equilibrium pressure is very important in addition to the usual phase diagram information [2] . The group 4 transition metals will only release nitrogen upon melting, but group 5 and 6 transition metal nitrides require a high nitrogen partial pressure upon preparation. Also, some line compounds can be identified such as in the Ti-N, Hf-N, Ta-N and Cr-N systems (Fig.3) , the importance of these is discussed below.
Choice of phases and measurement of the gross chemical composition
Due to the chemical shift encountered in EPMA spectra the best way of analysis is that the reference material and the sample to be analysed are of the same system. Another target for an EPMA reference material is the preparation of a homogeneous, single-phase material of high purity. If this condition is fulfilled, the micro-composition is identical to the bulk composition of the reference sample. The bulk reference sample is then appropriate for many gross chemical and physical analysis techniques of carbon and nitrogen which have limited or no spatial resolution. If the sample consists of a line compound (a compound with a very narrow homogeneity range) the composition of the sample is known a priori if the phase diagram information is correct. However, in several systems a line compound does not exist, or it is very difficult to prepare. Hence, chemical analysis must be applied for establishing the "true" composition of a reference material used in microprobe analysis.
The most versatile method of gross chemical analysis for carbon and nitrogen is carrier-gas hotextraction in which the sample is decomposed by use of molten metals and the CO and N 2 are measured by thermal conductivity and IR spectroscopy. However, these techniques require reference materials themselves. Also techniques like Dumas analysis (volumetric analysis or gaschromatography [9] [10] [11] of nitrogen) and combustion analysis together with conductivity measurements (absorption of CO 2 in NaOH) for carbon are employed. The calibration of these techniques is either not necessary or is conducted by compounds with a well-established composition such as pure carbon black or an organic compound. The pre-requite is that the combustion or decomposition characteristics of sample and reference material does not influence the analysis. The accuracies of these methods are then on the order of lower than 1rel% of the nonmetal content. Together with gravimetric metal analysis by combustion of the compounds in air or oxygen to form metal oxides, the composition of bulk samples so-obtained is sufficiently accurate for EPMA.
Only if a single-phase sample cannot be prepared the second choice is to prepare a diffusion couple containing layers of a compound which (1) has a narrow homogeneity range or is a line compound and (2) is well characterised for its composition, i.e. the corresponding phase diagram information has to be accurate.
Generally, there are several methods of choice for the preparation of bulk compounds: hotpressing, diffusional preparation and arc melting. In addition, CVD could be used, if the constituents are gaseous or can be converted into gaseous compounds and if relatively thick layers can be prepared, which are then delaminated from the substrate for gross chemical analysis.
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Hot-pressing
For hot-pressing the powders are filled in a graphite or boron nitride die and pressed at high temperature to almost full density. Fig.4 shows a scheme of the hot-pressing apparatus. Advantages of this technique are:
• relatively large samples can be prepared so that chemical analysis even of impurities can be performed accurately • it is possible to prepare a variety of materials which are not accessible by other techniques, e.g. preparation of homogeneous ternary or quaternary compounds such as carbonitrides • it is a fast technique.
However, there are also several pronounced disadvantages:
• a high impurity level because the powders are fine and have a high surface-to-volume ratio • contamination with the die materials C (or B and N, respectively)
• in some cases porosity cannot be avoided
• unstable compounds such as the nitrides of group 5 and 6 transition metals cannot be hotpressed because the samples become inhomogeneous (decomposition).
Diffusional preparation
The carbon and nitrogen diffusion into transition metals can produce very pure compounds because metal sheets can be used, almost free of contamination (e.g. metal sheets of > 99.99% Me are commercially available). Fig.5 shows a scheme of a vacuum induction furnace for establishing temperatures up to 1600°C and nitrogen pressures up to about 900 mbar. If higher pressures are needed, autoclaves have to be used. Fig.6 shows a scheme an autoclave for the preparation of carbides in graphite bed and nitrides upon use of high-pressure nitrogen for temperatures up to 2200°C and nitrogen pressures up to 40 bar. Such equipment is capable of keeping the conditions over many days or even weeks for equilibration and homogenisation of the reference materials. This is needed in high-melting compounds because of the low diffusion rate of C and N. If pure nitrides are prepared, such an autoclave can be equipped without any graphite inserts, i.e. using a W heating tube and Mo heat shields. In case of carbide preparation, both parts are made of graphite.
Instead of a graphite bed, CH 4 can be used for carburisation of metal sheets. A furnace approaching very high temperatures of around 2500°C is shown in Fig.7 . The sample is made of a metal strip and heated by high current.
The advantages of diffusional techniques are as follows:
• the impurity level can be very low (high purity metal foils are available)
• porosity can be mostly excluded • compounds are accessible in form of diffusion layers.
The disadvantages of the diffusional preparation technique are:
• sometimes long reaction times are required if single-phase compounds are to be prepared • generally, only binary compounds can be prepared because the diffusivities of two nonmetals or two metals is generally different (with exceptions) • a detailed data set of diffusional data and -for nitrides also nitrogen equilibrium pressure data -is necessary for the preparation of compounds.
Chemical vapour deposition (CVD)
If the constituents are gaseous or can be converted into gaseous compounds CVD can be applied to produce thick layers. The layers can be detached from the substrate and subjected to chemical analysis.
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Advantages:
• the melting point of the metal does not play a role, because all metals have to be converted to volatile compounds, hence reference materials with a low-melting metal component can be prepared
The disadvantages of this method are:
• complicated apparatus and procedure (volatile compounds difficult to handle)
• the layers can show a gradient, hence delaminated layers had to be annealed to homogenise • the chemical composition is not necessarily identical to the phase diagram information if thermodynamic equilibrium is not reached
From these pros and cons it is clear that CVD is preferred only for such cases where all other methods fail.
Arc-melting
Arc-melting is a very simple and effective technique for the preparation of bulk materials. A more complicated related technique which can even yield large single crystals is zone melting/annealing (e.g. [12] ). These techniques serve well if a compound melts congruently and not e.g. in form of a peritectic reaction. Advantages • fast and easy-to-apply method • produces dense and pore-free samples if the congruently melting compounds are stable, i.e. if no gas pores occur
• volatile constituents are liberated upon melting (e.g. nitrides decompose by formation of nitrogen) • a multiphase microstructure is formed if incongruently melting/decomposing compounds are arc melted, which makes re-annealing necessary; depending on the decomposition temperature this re-annealing step can be time-consuming Tab.1 gives an overview of accessible group 4 -6 transition metal carbides and nitrides which are suited to serve as a reference material, together with appropriate preparation techniques. The subcarbides Me 2 C of the group 5 transition metal carbides are not listed because they form compounds with a few mol% homogeneity range. A diffusion layer of these compounds group such as for the carbides Me 4 C 3 is therefore inappropriate. They had to be prepared only by hot pressing powders which are not commercially available. On the other hand, group 5 subnitrides Me 2 Nalthough showing a homogeneity range, too -can be annealed at appropriate nitrogen pressures to form homogeneous single-phase reference samples.
Results on the Preparation of Carbides, Nitrides and Carbonitrides for EPMA Use
Over the last three decades, a huge variety of samples have been prepared in our laboratory order to obtain well-characterised reference materials for EPMA. The EPMA studies were in turn used to investigate phase equilibria and diffusivities as well as for materials' characterisation (solid-state properties).
Carbides
By hot-pressing of fine powders carbides such as TiC, ZrC, HfC, Cr 3 C 2 , WC, (Ti,Mo)C, (Ti,W)C (and also carbonitrides, see section 4.5) to disks between 10 -50 mm in diameter and with 5 -10mm thickness were prepared in our laboratory (Fig.8, bottom ). In such specimens the porosity level is below 1%. For choosing appropriate hot-pressing conditions the phase diagram information Solid State Phenomena Vol. 274
is necessary, e.g. the temperature for Cr 3 C 2 must not exceed about 1800°C, otherwise is will decompose peritectically (compare Fig.2d ).
In addition to hot-pressing, a large number of carbides was prepared by full carburisation of metal sheets upon diffusion of C. A full carburisation does not necessarily mean that the carbon content is 50 mol%, the carbides such as VC 1-x and Cr 3 C 2 , for example, do not uptake such an amount of carbon. In addition, the in-diffusion of carbon can be stopped and the sample further annealed in inert atmosphere so that the sample is single-phase and homogeneous carbide MeC 1-x but does not contain 50 mol%C. Fig.8 , top shows fully carburised metals sheets of V, Nb and Ta which were prepared in order to investigate the phase equilibria and carbon diffusivities in the various phases by means of diffusion couples such as shown in Fig.9 [3, 4, 13, 14] . These diffusivities can be used to calculate the phase-boundary movement and to estimate the time when the sample is single-phase and, some time later, the diffusion profile is flat enough for taking such as sample as a homogenised reference material. In addition, to the plane-sheet samples wedge-type samples were especially suited for these calculations because they allow to show how fast the layer grow as a function of sheet thickness is (see section 4.2.2).
The data points in Fig.2 were obtained by use of EPMA on diffusion couples prepared at different temperatures such as shown in Fig.9 by use of reference materials described in this study. Fig.10 gives EPMA line scans across such diffusion couples. It should be noted that for some systems, like Ta-C the discontinuities at the interfaces (due to two-phase fields) is on the order of tenth of wt%C. Together with accurate standardisation and measurement conditions within EPMA it is necessary to avoid relief effects. This is done by appropriate samples polishing or lapping procedures [15] .
Some of the employed carbide reference samples were prepared by diffusion of carbon in metal sheets by means of the above-mentioned techniques, e.g. δ-VC 1-x , δ-NbC 1-x and δ-TaC 1-x , some by hot pressing (WC, Cr 3 C 2 ), some by both techniques (Cr 3 C 2 , δ-TaC 1-x ). The diffusivity of carbon in the various carbides decreases substantially from the first period of transition metals (Ti, V, Cr) to the last period (Hf, Ta, W), so that samples of TaC and WC can be prepared by C diffusion only if thin metal sheets are used as a starting material. Larger samples can of course be prepared by hotpressing. Tab.2 gives an overview on experimental conditions and analysis results of reference samples prepared by C in-diffusion into metal sheet.
Nitrides
The preparation of well-characterised nitride specimens is the most difficult amongst the group of compounds studied here (compare discussion in [16] on pages 18-24). Upon inappropriate nitrogen equilibrium pressure and/or too low temperatures two-phase and inhomogeneous samples are obtained unsuitable to serve as a standard. Hence, most work in our laboratory was directed to this group of compounds for which studies on phase diagrams and diffusivities were indispensable.
Group 4 mononitrides
The preparation of "fully nitrided" (50mol%N) group 4 transition metal nitrides δ-TiN 1-x , δ-ZrN 1-x and δ-HfN 1-x is relatively easy because their nitrogen equilibrium pressure is very low and hence these so-called fcc mononitrides can be obtained almost at any nitrogen equilibrium pressure usually established in a vacuum furnace or autoclave. The necessary pre-requisites are high-purity starting materials together with an apparatus with carbon-and oxygen-free conditions, i.e. heating elements and shields made out of refractory metals (W, Mo) rather than of graphite, together with the capability of keeping constant temperatures and pressures over several days (depending on the heating temperature). Fig.11 shows a photograph of reference samples with a nitrogen content very close to 50 mol%N obtained in an autoclave with a tungsten tube at temperatures of 1600°C and ambient nitrogen pressure.
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Group 4 sub-nitrides
Sub-nitrides exist in the Ti-N and Hf-N systems, but not in the Zr-N system (compare Fig. 3 ). In the Ti-N system, the sub-nitrides η−Ti 3 N 2-x and ζ−Ti 4 N 3-x cannot be prepared in bulk form and exist only over a very narrow temperature range. The sub-nitride ε−Ti 2 N has a decomposition temperature of around 1070°C but is stable down to room temperature and forms rapidly. Hence, in Ti/TiN powder mixtures arc-melted at much higher temperatures it is partially formed upon cooling whereas nitrogen loss upon melting has to be considered. It can be obtained in single-phase form by annealing these arc-melted samples with an overall nitrogen composition of 33 mol%N. Due to the fact that the nitrogen diffusivity is low the necessary annealing time just below the decomposition temperature is on the order of two weeks to obtain single-phase and homogeneous samples [17] such as shown in Fig.12 , left. On the opposite, diffusion layers of ε−Ti 2 N are easy to prepare (Fig. 12 right) . A very special situation exists in the Hf-N for the sub-nitrides η−Hf 3 N 2-x and ζ−Hf 4 N 3-x , isostructural to the respective phases in the Ti-N system. Due to the specific properties with respect to high-temperature stabilities and nitrogen diffusivities a diffusion-couple method has been worked out in our laboratory [18] to obtain bulk single-phase hafnium sub-nitrides from diffusion couples. First, wedge-type samples (Fig.13) were studied in order to investigate the influence of sheet thickness (total thickness of the wedge at a special position) on the diffusion layer thicknesses for a given temperature and diffusion time. It should be noted that the diffusion layer thicknesses increase as a function of decreasing sample thickness, hence by use of a wedge this behaviour can be studied in a single experiment at a given temperature [19] [20] [21] . From this information nitrogen diffusivities can be calculated to predict the appropriate temperature and diffusion time for the preparation of this phase out of the core of a nitrided, plane-parallel Hf metal sheet covering the desired sub-nitride phase. As seen from the wedge in Fig.13 , this procedure can be employed for η−Hf 3 N 2-x and ζ-Hf 4 N 3-x by removal of two and one outer nitride phases, respectively. A planesheet sample for which this techniques was employed for obtaining a ζ-Hf 4 N 3-x sample is shown in Fig. 14. 
Group 5 fcc mononitrides
The fcc mono-nitrides of group 5 transition metals require much higher nitrogen equilibrium pressure than that of the 4th group. In Fig.3 the phase diagram of the Nb-N system is shown with isobars indicated for the δ−NbN 1-x phase and Fig.15 shows the equilibrium pressure of δ−VN 1-x and δ−NbN 1-x as a function of nitrogen content and temperature [22, 23] . No such complete data set is available for δ−TaN 1-x , which is stable only above about 1800°C (Fig.3) . From δ−VN 1-x to δ−TaN 1-x there is a substantial decrease of nitrogen diffusivities. Hence, VN 1-x and NbN 1-x can be prepared relatively fast by in-diffusion of nitrogen at high temperature in the respective metal sheets, but the same procedure is not readily applicable to δ-TaN 1-x because of the high nitrogen pressures needed (above 20 bar) and low diffusivities. The diffusional behaviour was again studied in detail by wedge-type samples. Fig.16 presents the microstructure of a wedge-type Ta-N sample showing the mono-nitride ε−TaN as the outermost phase and δ-TaN 1-x as the next one. This sequence is present for temperatures between 1800 and 1900°C, see Fig.3 . Near the tip of the sample diffusion band of ε−TaN is thickened due to the above-mentioned fact of geometry-driven thickness enhancement.
These samples -and the derived nitrogen diffusivities in tantalum nitride phases -give again a good insight of how long a plain-sheet sample of a certain thickness has to be annealed to contain single phase ε−TaN. The latter phase has another advantage over other mono-nitrides: it is a line compound due to its crystal structure (non-Hägg compound), see EPMA scan across the two-phase tip of the wedge-type sample Fig.17 . Hence, if such a phase is obtained in single-phase form the nitrogen composition is known a priori. This is not the case for fcc nitrides δ-VN 1-x , δ-NbN 1-x and δ-TaN 1-x because of their homogeneity range (compare phase diagrams in Fig. 2 ). Fig.18 shows a ε−TaN reference sample, the nitrogen content of which was measured by Dumas gas-chromatography [11] and CGHE [24] , the metal content by combustion to metal oxides and proved to contain exactly 50mol% N. Tab.3 gives information on experimental conditions of nitride reference materials prepared for EPMA. These samples are fully nitrided for a given nitrogen pressure.
Group 5 sub-nitrides
The sub-nitrides of group V transition metals β−V 2 N, β−Nb 2 N and β−Ta 2 N show small but definite homogeneity ranges (Fig.3) and have lower nitrogen equilibrium pressures than the corresponding mononitrides [25, 26] . If group 5 transition metal nitrides are desired but the furnace is not capable of high nitrogen pressure, annealing of sub-nitrides at pressures lower than 1 bar is a good alternative to mononitrides. However, because of the high equilibrium pressure of Ta 2 N, the annealing temperature is rather low and hence the necessary time rather long.
Group 6 transition metal nitrides
This group requires the highest nitrogen equilibrium pressures. While two chromium nitrides (Cr 2 N and CrN) and two molybdenum nitrides (Mo 2 N in either modification, and fcc MoN 1-x ) are accessible by nitrogen diffusion into metal sheet, δ−MoN is only at very high pressures and tungsten nitrides not accessible at all.
By annealing thin Cr sheet at T=1230°C at increased nitrogen pressure it was possible to obtain the line compound CrN with a composition of 50 mol%N (Tab.3). If the temperature is higher, this phase is no more a line compound and the homogeneity range widens substantially (compare with Fig.3 ). With the rise in temperature, the nitrogen equilibrium pressure increases, so that 50mol%N can only be established at increased N 2 pressures [4] .
To increase the nitrogen potential for nitriding Mo, it is possible to use ammonia [27] . However, the use of ammonia is restricted to low temperature because of the fast decomposition of NH 3 (and hence reducing the nitridation potential to a N 2 +H 2 mixture). At these low temperatures (<1000°C) the diffusivity of nitrogen is very low. Fig.19 shows an example of a wedge-type Mo-N sample obtained by ammonia nitridation showing mainly the fcc γ−MoN 1-x phase (the Mo 2 N phase was absent). Due to the specific nitrogen diffusivities there is no thickness enhancement of diffusion layers [28] . The γ−MoN 1-x phase in such a diffusion couple has a large homogeneity range of about 10mol%N and is not suited for a reference material. In order to prepare such a homogeneous phase, long annealing of a plane-sheet sample has to be performed such as for group 4 and 5 mononitrides.
Ternary nitrides and carbonitrides
Diffusional preparation of ternary and higher higher-order nitrides and carbonitrides is a priori impossible due to different diffusivities of the various components leading to an inhomogeneous microstructure. Only if diffusion occurs along tie lines the interfaces of diffusion layers are planar [29] . An example is the nitridation of Ti/Zr alloys, in which a fcc phase δ−(Ti,Zr)N 1-x is formed on hcp α−(Ti,Zr)(N). In Fig.20 , left a partly nitrides sample is shown in which the outermost phase δ−(Ti,Zr)N 1-x can be observed. The phase diagram for the Ti-Zr-N system at 1300°C is shown in Fig.20 , right. During nitridation the Ti/Zr ratio in the fcc and hcp can be different if the tie lines are crossed by the diffusion path. Only in one case -if the diffusion path goes along the tie line, which is the case for a sample with a starting composition of 60mol%Ti+40mol%Zr -is the Ti/Zr ratio identical and constant in both phases (Fig.21, top) . Hence, if such an alloy is fully nitrided a homogeneous sample can be obtained. In all other cases the Ti/Zr ratio is not constant even after full nitridation (Fig.21, bottom) and the necessary time is by far too long to homogenise the metals.
Similar is true if more than one non-metal is present, e.g. carbon and nitrogen. It is then more convenient to prepare such ternary and higher-order samples by hot pressing as it is shown in Fig.22 for group 4 transition metal carbonitrides [2] . Such samples proofed to be homogeneous over the full range of carbon/nitrogen ratio by EPMA.
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Conclusion
Due to the chemical shift encountered in EPMA high quality measurements need one or more reference materials out of the same system as the sample to be analysed. For the preparation of such reference materials the thermo-chemical boundary conditions are very important to obtain a homogeneous well-defined sample or -second choice -a well-defined diffusion layer. Therefore, a lot of information on stabilities, melting points, diffusivities and equilibrium pressures is necessary which was summarised in this study for a variety of group 4 -6 transition carbides, nitrides and carbonitrides. *also sub-nitride samples were prepared (see text) ** series with more than 10 samples were prepared with different nitrogen content at different conditions, e.g. prepared by arc-melting and extended annealing in a silica tube at 1000°C, due to etching with HF/HNO 3 (for identification of the grain boundaries) the sample shows etching pits, these can be removed by re-polishing with silica suspension; right: microstructure (in polarized light) of a 50µm thick diffusion layer of ε−Ti 2 N between α−Ti(N) and δ−TiN 1-x , which is however not strictly homogeneous, but shows a very narrow homogeneity range Figure 13 . Wedge-type sample of Hf-N [18] showing an increase of diffusion layer thickness upon preparation of a single-phase sample out of the core of a plane-parallel diffusion couple. In first approximation the layer thickness enhancement is only due to the plane-sheet geometry, not to the effect of thickness enhancement near corners (deviation from plane diffusion geometry such as in spheres). The broken line corresponds to the phase sequence (δ−HfN 1-x -ζ−Hf 4 N 3-x -δ−HfN 1-x ) in a plane sheet sample (Fig.14) 36 Solid-State Properties of Nitrides, Carbonitrides and Carbonitride-Based Cermets Figure 14 . Top: plane sheet diffusion couple with ζ−Hf 4 N 3-x in the core, corresponding with respect to layer sequence to the line across the wedge in Fig.13 [18] , bottom: single-phase sample prepared from the core of the diffusion couple on top by grinding-off the outer δ−HfN 1-x layers of both sides. For obtaining a larger core, the sheet is thicker than the corresponding cross section indicated in Fig.13 , the longer annealing time was calculated by using the diffusion data established from wedge-type samples [18] 
